Human neutrophil elastase (HNE) has been shown to be involved on death of different cell types, including epithelial lung cells, which is related to several pulmonary diseases. Since HNE activity may be influenced by extracellular matrix (ECM) molecules such as glycosaminoglycans (GAGs), and fibroblasts are the most common ECM-producing cells of lung connective tissue, the aim of this work was to verify if HNE can induce fibroblast death and to study the enzyme modulation by GAGs. HNE-like activity was mimicked by using human neutrophils conditioned medium (NCM). Heparan sulfate and chondroitin 6-sulfate reduce the enzyme activity and modify its secondary structure. NCM reduced cell viability, and this effect was higher in the presence of those GAGs. NCM also increased DNA fragmentation, suggesting the occurrence of apoptosis, but without influence of GAGs. These results can contribute to the understanding of HNE modulation in physio-and pathological processes where this enzyme is involved.
Introduction
Human neutrophil elastase (HNE) is a serine protease able to cleave fibrous elastin and other extracellular matrix (ECM) molecules, which plays essential structural function in lungs, arteries, skin, and ligaments [1, 2] . This enzyme is primarily located in the acidophilic granules of polymorphonuclear leucocytes, and its release is involved in tissue destruction and inflammation, despite the presence of potent endogenous inhibitors [3] . It has been implicated in several pulmonary diseases including emphysema, cystic fibrosis, acute lung injury (ALI), acute respiratory distress syndrome (ARDS), and chronic obstructive disease [3] [4] [5] [6] . Corroborating these findings, HNE levels are increased in serum and bronchoalveolar lavage (BAL) fluid in clinical studies and animal models of ALI/ARDS [7] .
HNE release has been associated to death of different cell types [8] such as lung epithelial and endothelial cells [2, 9] . The cell death promoted by HNE fits in the concept of anoïkis (from the Greek, homeless), which was defined as apoptosis resulting from the disruption of cell-matrix interactions, mainly induced by proteases, and whose integrity is essential for survival of adherent cells [10] .
Besides the inhibitory mechanisms involved in the controlling of protease activity [11] , some anionic polysaccharides named glycosaminoglycans (GAGs) can selectively affect that proteolytic activity [12] [13] [14] . Although GAGs have been shown to be able to modulate the activity and also modify the structure of different proteases [15, 16] , there is relatively little information on the biological role and mechanism of interaction between proteases and GAGs. However, this seems particularly interesting for HNE, which is able to cleave components of ECM where there are great amounts of GAGs.
Since fibroblasts represent a cell type that synthesizes ECM molecules and collagen and are the most common cells of connective tissue and structural framework of animal organs, including lung, and HNE has been shown to induce death of lung cells; it became interesting to verify if this enzyme is able to trigger fibroblast death, which could also contribute for genesis of some lung diseases. In addition to ECM components secreted by fibroblasts, we aimed to study the effect of exogenous GAGs on HNE activity using a simplified cell culture system. Results presented here may open perspectives for a better understanding of HNE action and its modulation by GAGs, which have a crucial role in many diseases.
Material and Methods
This project was approved and conducted under the supervision of the Ethics Committee of Universidade Federal de São Paulo. Human neutrophils were collected from peripheral venous blood of healthy individuals. Human fibroblasts were isolated of muscle biopsies (biceps) from a healthy adult donor and kindly provided by Dr. Mariz Vainzof from Human Genome Research Center, Instituto de Biociências of Universidade de São Paulo. These cells were used at passages 2-5.
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), trypan blue solution, and dimethylsulfoxide (DMSO) were obtained from Invitrogen Life Technologies (San Diego, Calif, EUA). Hanks balanced salt solution (HBSS), trypsin-EDTA solution, penicillin-streptomycin, solution of polysucrose and sodium diatrizoate, adjusted to a density of 1.077 ± 0.001 g/mL (Histopaque-1077), andpropidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis, Mo, USA). Human neutrophil elastase, N-(methoxysuccinyl)-Ala-Ala-Pro-Val-p-nitroanilide (MeOSuc-Ala-AlaPro-Val-pNA), N-(methoxysuccinyl)-Ala-Ala-Pro-Val-7-amino-4-methylcoumarin (MeOSuc-Ala-Ala-Pro-Val-AMC) and phenylmethylsulfonyl fluoride (PMSF) were purchased from EMD Biosciences (San Diego, Calif, EUA). Bovine lung heparin (Hep, 9.5-12 kDa) was obtained from Opocrin Research Laboratory (Corlo, Mo, Italy), shark chondroitin 6-sulfate (C6S, 40-60 kDa) and bovine intestinal dermatan sulfate (DS, 21.5 kDa) from Seikagaku Kogyo Co. (Tokyo, Japan), and bovine chondroitin 4-sulfate (C4S, 27 kDa) from SigmaAldrich (St. Louis, Mo, USA). Bovine cartilage keratan sulfate (KS) [17] , bovine lung heparan sulfate (HS, 30-40 kDa) [18] , and elastase inhibitor (CeEI) from Caesalpinia echinata seeds (unpublished data) were purified in our laboratory.
Effect of GAGs in the Activity and Structure of HNE.
HNE was previously titrated with CeEI, assuming a "slowtight-binding" mechanism of enzyme and inhibitor forming a stoichiometric complex [19] . Briefly, HNE was preincubated in 200 mM Tris buffer pH 8.0, for 10 min at 37
• C, with increasing amounts of CeEI, previously titrated using a standard trypsin solution. The residual activity of the enzyme was assayed with 0.20 mM MeOSuc-Ala-Ala-ProVal-pNA as substrate that hydrolysis was followed by the absorbance at 405 nm in a microplate reader Synergy HT (Biotek, Winooski, Vt, USA). Kinetic experiments were performed according to Gozzo et al. [12] . The enzyme (6.0 nM) was prewarmed in 200 mM Tris buffer pH 8.0 for 5 min at 37
• C, in the absence or presence of Hep, HS, KS, DS, C4S, and C6S (300 nM). After that, MeOSuc-Ala-AlaPro-Val-pNA (0.10 to 2.5 mM) was added. The hydrolysis was followed by the increasing in the absorbance at 405 nm. The enzyme concentration for initial rate determinations was chosen at levels which would allow hydrolysis of less than 5.0% of the substrate [20] . Corresponding slopes were converted into μmol of hydrolyzed substrate/min, assuming 8,900 M −1 cm −1 to be the p-nitroaniline molar extinction coefficient at 405 nm. The values of K m , k cat , V max , and catalytic efficiency (k cat /K m ) were determined according to Wilkinson [21] .
Circular dichroism spectra were recorded in a JASCO-810 spectropolarimeter (Easton, Md, USA) equipped with a stopped flow chamber and thermostated cell holder. Far ultraviolet measurements (260-200 nm) were performed at 36
• C scanning at rate of 50 nm/min on HNE solution (3.9 μM) in 0.05 cm-cells. Circular dichroism spectra of HNE-GAGs interaction were done in 200 mM Tris buffer pH 8.0. The observed ellipticity was normalized to units of degrees × cm 2 /dmol. Base-line recordings in the absence or presence of GAGs (134 μM) were routinely made and used to correct HNE spectra, and they were analyzed for the percentage of secondary structural elements as previously described [22] .
2.2.Cell Cultures, Neutrophils Isolation, and NCM Preparation.
Fibroblasts were cultured in DMEM containing 4.0 mM glucose, 2.0 mM L-glutamine, 10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin and grown at 37
• C in 5.0% CO 2 . Fresh medium was replaced every two days. NCM was prepared according to Oltmanns et al. [8] . Neutrophils were obtained from heparinized peripheral venous blood (10 mL). Blood was layered onto a Histopaque-1077 and centrifuged at 500 ×g for 30 min. Neutrophils were sedimented on 3% dextran sulfate 500 and harvested as the cellular band above the red cell pellet. Cells were washed twice with HBSS and resuspended in DMEM without serum. This methodology allowed the preparation of neutrophils in high yield and at purity level greater than 96%. The viability of cells was higher than 99%, as judged by the ability of the cells to exclude trypan blue. NCM was obtained by culturing neutrophils (1 × 10 6 cell/mL) in serum-free DMEM for 24 h at 37
• C. Supernatants were collected by centrifugation at 400 ×g for 10 min and cellular debris was discarded. The NCM was immediately used for the experiments. The activity of HNE in NCM was determined as described below and was adjusted to 8.0 and 15 nM. • C, with increasing amounts of CeEI, previously titrated using a standard trypsin solution. The residual activity of the enzyme was assayed with 0.20 mM MeOSuc-Ala-Ala-Pro-Val-pNA as substrate and followed by the absorbance at 405 nm.
Detection of HNE Activity in NCM.
The activity of HNE in NCM in different concentrations was detected using a fluorogenic peptide substrate-(MeOSuc-Ala-Ala-Pro-Val-AMC-) based assay and compared to a standard curve of the substrate hydrolysis by commercial HNE. Briefly, NCM was incubated with 100 mM HEPES buffer pH 7.5, 500 mM NaCl, 10% DMSO, and the substrate (4.0 μM) at 37
• C. The substrate hydrolysis was followed fluorometrically (λ exc = 360 nm and λ em = 460 nm) in a Hitachi Spectrofluorimeter (Tokyo, Japan). Table 2 . HS and specially C6S changed the HNE secondary structure. HS: heparan sulfate; C6S: chondroitin 6-sulfate.
Cell Viability of NCM-Exposed Human
(live) and stained (dead) cells were counted and cell viability was expressed as percentage of total number of cells.
Effect of GAGs on Cell Viability and DNA Fragmentation.
For flow cytometry experiments, cells were incubated with NCM (in final volumes that correspond to HNE activity of 8.0 and 15 nM) for 16 h, in absence or presence of C6S or HS (10 μM). After this period, cells were collected by trypsinization (0.25% trypsin, 2.0 mM EDTA), centrifuged at 400 ×g for 5 min at 4
• C, and the pellet was resuspended in 500 μL PBS containing 4.0 μg/mL PI. Samples were kept in darkness for 30 min until the analysis by flow cytometry. Fluorescence was measured using the FL2 channel (orangered fluorescence 585/42 nm).
For DNA fragmentation studies, fibroblasts were washed with PBS and suspended in the same buffer containing 0.01% Nonidet P-40 and 20 μg/mL PI. Cell suspensions were then kept in the dark for 30 min at 4
• C. The extension of DNA 
Results

Effect of GAGs in the Activity and Structure of Elas-
tase. HNE was efficiently titrated by CeEI as showed in Figure 1 . Michaelis-Menten plots were obtained for MeOSuc-Ala-Ala-Pro-Val-pNA hydrolysis by HNE without or with GAGs. The K m value for the hydrolysis of the substrate by HNE in the absence of any GAGS was determined to be 0.854 mM, and the k cat value obtained was 4.73 s −1 . Our results demonstrated that HS, DS, and C6S reduced the catalytic efficiency of HNE on the substrate hydrolysis more than 1.5-folds (1.7-, 1.7-, and 2.4-folds, resp.). Hep, C4S, and KS did have no effect on HNE activity ( Table 1) .
The interaction of GAGs with HNE was monitored by circular dichroism spectroscopy. The structural composition of the protein was estimated by the method of Bohm et al. [22] using a reference data set of 37 proteins. Figure 2 and Table 2 show that HS and C6S modify the secondary structure of HNE.
Effect of GAGs on Cell Viability and DNA Fragmentation of NCM-Exposed Human
Fibroblasts. HNE-like peptidase activity in NCM in two different concentrations was determined in the MeOSuc-Ala-Ala-Pro-Val-AMC hydrolysis (Figure 3) . Different amounts of NCM (in final volumes that correspond to HNE activity of 1.6, 2.0, 4.0, 8.0, and 15 nM) were used for cell viability screening tests. Cell membrane integrity was reduced in the incubation of fibroblasts with NCM in a concentration-dependent manner, as verified by trypan blue exclusion assay. Unstained (live) and stained (dead) cells were counted, and cell viability was expressed as percentage of total number of cells (Figure 4) . Figure 3 : HNE-like peptidase activity in NCM. Supernatants from incubation of neutrophils with DMEM were kept in 100 mM HEPES buffer pH 7.5, containing 500 mM NaCl and 10% DMSO for 10 min at 37
• C. After that, the substrate MeOSuc-Ala-Ala-ProVal-AMC (4.0 μM) was added. Substrate hydrolysis was followed by the increasing in the fluorescence (λ exc = 360 nm and λ em = 460 nm) in the spectrofluorimeter. HNE concentration in NCM was determined using a standard curve of MeOSuc-Ala-Ala-Pro-Val-AMC hydrolysis by commercial HNE. NCM samples corresponding to HNE-like activity of 8.0 and 15 nM, without or with GAGs (10 μM), were used for flow cytometry experiments. HS and C6S statistically reduced cell viability by 24.5 and 26.6% in comparison to control as shown in Figure 5 . NCM and commercial HNE also reduced fibroblasts viability, however, the mixture of NCM plus GAGs caused an important reduction of cell membrane integrity, which was significantly different from control and from groups with only GAGs or NCM. CeEI was able to inhibit the effect of commercial HNE. Staurosporine, a typical apoptosis inducer, did not cause changes in cell membrane integrity in the assay conditions.
Both cell viability and DNA fragmentation were statistically changed in the incubation with NCM (8.0 or 15 nM HNE). The mixture of NCM plus C6S or HS caused a more important reduction in the cell membrane integrity (51.4 and 50.5%, resp.), which was significantly different from control and from groups with only GAGs or NCM. DNA fragmentation was higher in NCM-treated cells (approximately 20.0%) compared to controls without NCM or GAGs alone ( Figure 6 ). However, the percentage of apoptotic nuclei was almost not modified in the group incubated with NCM in the presence of HS or C6S. Staurosporine (1.0 μM) promoted DNA fragmentation in 33.5% of stimulated cells.
Discussion
Several evidences have suggested that some of lung diseases are caused by destruction of elastic fibers by elastase. Laurell and Eriksson [23] have firstly described five patients with deficiency of α1-antiprotease, an inhibitor of HNE; three of them presented emphysema. Subsequently, other investigators have instilled a variety of proteases into animal lungs [24] [25] [26] demonstrating that elastolytic proteases, including pancreatic elastase and HNE, were able to cause emphysema. These experiments provided the basis for the elastase-antielastase hypothesis, which states that the relative balance between elastases and their inhibitors determines the susceptibility of the lung to develop emphysema. This hypothesis remains a prevailing; however, other several important factors such as matrix metalloproteinases [27] and apoptosis [28] are considered to contribute to the development of the pulmonary destruction.
Although proteases such as HNE and their involvement in physio-and pathological processes are much studied, there is relatively little information on the biological role of the proteases interaction with carbohydrates and the mechanism of interaction between them. Nonetheless, it has been shown that GAGs are able to modulate the activity and also to change the structure of different proteases [15, 16] . Our group has already reported that GAGs influence the action of human plasma kallikrein on the hydrolysis of its natural substrate-kininogen-and in inflammation [12] , affect the interaction of kallikrein with various substrates and inhibitors [13, 14] and interfere with the binding of the kininogen and prekallikrein on the surface of the endothelial cells [29] .
Because of its strong cationic nature (it is consisted of 218 amino acids, being 19 arginine residues) it will be not surprise that HNE could interact with GAGs. In fact, this enzyme may bind to a variety of polyanions [30] . Once bound to HNE or elastase from hamster or rat, GAGs are able to inhibit the proteolytic activity of the enzyme [31, 32] , as well as prevent HNE release from leukocytes [33] .
Our results have showed that GAGs were able to modify the catalytic efficiency of HNE on small peptide substrate hydrolysis. This efficiency was not affected in the presence of Hep, KS, or C4S, but was reduced by 1.7-, 1.7-, and 2.4-folds in the presence of HS, DS, and C6S, respectively. These results are in agreement with the obtained by Walsh et al. [32] and Baici and Bradamante [34] , showing that reactions involving HNE are slower in the presence of GAGs and this fact could be responsible for the protection of the tissue from the deleterious effect of this enzyme in the disease.
The mechanism by which GAGs reduced HNE activity is not known. However, several mechanisms can be postulated and one of them is that GAGs may induce conformational changes in the enzyme, rendering it less active. To confirm it, we tested the effect of GAGs on elastase secondary structure by circular dichroism. We observed that HS, and specially C6S, increased α-helix and reduced β-sheet content in HNE. Regarding to that, some authors have related that heparin can increase ordered structure in proteins, usually inducing significant α-helix conformation [15, 35, 36] .
Since HNE activity was in vitro modulated by GAGs and soluble fragments of GAGs are generated by proteoglycans cleavage in HNE-mediated inflammatory processes [37] , we tested the ability of these compounds to affect the enzyme activity on the cell death induction, using a simplified cell culture system. Fibroblasts were the chosen cell type because they are able to produce ECM molecules. Also, HS and C6S were the chosen GAGs because they presented higher effect of HNE action in vitro.
HNE was obtained from neutrophils in NCM as this methodology appeared to be an easy procedure to obtain the necessary high amounts of the enzyme. In fact, cathepsin-like activity was also detected in that medium; however, the use of a specific elastase inhibitor (CeEI) in cell culture experiments confirmed that the observed events were mainly mediated by HNE.
NCM has similar effect of commercial HNE, which was inhibited by CeEI. Staurosporine, a typical apoptosis inducer, has no effect in the cell viability in the assay conditions.
To better characterize fibroblasts death after incubation with NCM, cell membrane integrity and DNA fragmentation were evaluated by flow cytometry, since those methods have been used with good results as indicators of the occurrence of necrosis and apoptosis, respectively, in different cell types. Based on flow cytometry results, we provided evidence that HNE is able to induce cell death of human fibroblasts. Addition of NCM, containing 8.0 or 15 nM HNE, caused a significant reduction (73.0 and 64.2%, resp.) in the fibroblasts membrane integrity. However, the mixture of NCM plus HS or C6S caused a more important reduction in the cell membrane integrity (51.4 and 50.5%, resp.), which was significantly different from control and from groups with only GAGs or NCM. On the other hand, NCM alone (HNE activity of 8.0 or 15 nM) promoted an increase in DNA fragmentation, an effect that was not modified by GAGs. When commercial HNE was used (about 32 nM), it was observed an increase in the percentage of cells with fragmented DNA (2.8 folds), which was prevented by CeEI. Staurosporine, which is an agent that typically induces apoptosis in several cell types, was used as control and for the characterization of the events involved in cell death. Cells incubated with staurosporine did not display important alterations in membrane integrity; nevertheless, DNA fragmentation was a remarkable event in these cells.
It has been shown that HNE cleaves important molecules such as fibronectin, thrombospondin, and von Willebrand factor, participating actively in the loss of cell-matrix interactions [1] and contributing for anoïkis, which is a reasonable hypothesis to explain the effect of HNE in the induction of cell death. Other enzymes such as matrix metalloproteases (MMPs) also have been shown to be involved in the apoptotic cell death [10] . In this context, Isnard et al. [38] verified that incubation of some GAGs, including HS, CS, and DS, to the corneal explants cultures promoted an increase in the expression and activation of MMPs. This effect, which is mediated through the binding of the GAGs to CD44 receptor-the major receptor for hyaluronan, was not correlated to cell death by those authors. However, the upregulation of MMP induced by GAGs may contribute for the results found in our work; even MMP expression and activation were not evaluated.
Regarding to the molecular mechanisms involved in HNE-induced cell death, it has been also showed that this enzyme can activate the apoptotic program via mitochondrial membrane permeability changes, which is accompanied by an early increase followed by a decrease in the phosphorylation of epithelial Akt, an important kinase involved in cell survival [39] .
Although the molecular events involved in the cell death induced by HNE have not so far been clarified, our data suggest that HNE and GAGs are able to promote fibroblasts anoikis in culture. Nevertheless, to analyze fibroblast death in the current model we have to keep in mind the GAGs action on HNE activity, HNE effect on cell-matrix interactions that are crucial for cell survival, and also a possible MMP induction by GAGs. Combination of all these effects might contribute to the results presented here, which open perspectives for the best understanding of the HNE involvement in several patho-and physiological processes as well as for the development of agents capable to interfere in those processes.
